To investigate the effects of the exposure of battery tabs to humidity on the self-discharge properties of fullcell type lithium-ion batteries (LIBs), we assembled two different types of LIBs, composed of NCM/graphite or LCO/graphite, and compared their discharge retention abilities after storage in humid conditions (90% relative humidity (RH)) with and without battery tab protection. Regardless of the type of cathode active materials, tab protection improved the calendar lives of LIBs. For NCM/graphite, battery tab protection shows an approximate 50% improvement in the discharge capacity compared to the case without battery tab protection after storage in humid conditions (51.1% and 34.6% of the initial discharge capacity for tab-protected and non-protected LIBs, respectively). In contrast, LCO/graphite reveals a smaller change in the discharge capacity retention for the same experimental condition because they show superior capacity retention abilities regardless of battery tab protection (85.6% and 82.0% retention of the initial discharge capacity for tab-protected and non-protected LIBs, respectively). We suggested that these results come from the induction effect of polar water molecules, which pulls electrons to the battery tab side, resulting in lithium ion loss from the graphene layers to the liquid electrolyte.
Introduction
Fossil fuel depletion and global warming are considered to be serious problems threating the very existence of the human race. To overcome these threats, the demand for electric vehicles (EVs) and energy storage systems (ESSs) has recently grown rapidly. For several decades, lithium-ion batteries (LIBs) have powered consumer electronics, including cell phones and laptops, due to their high energy densities, high rate capabilities, safety, long calendar life, and long cycle life.
1-4 Accordingly, it is obvious that LIBs have been considered as a promising candidate to power large-scale battery applications.
In general, development of the major battery components, including cathodes, anodes, separators, and electrolytes, is the rst priority to improve the electrochemical performances of LIBs because they directly and/or indirectly participate in electrochemical reactions in the batteries. Frmo a practical point of view for large-scale LIBs, however, it is important to note that not only does the battery conguration play an important role in determining battery performance but also the battery storage environment. Thus far, the latter aspect has been underestimated in consumer electronics as compared to LIBs for large-scale applications. These differences include the following. (1) Large-scale applications such as EVs and ESSs are generally exposed to outdoor environments during most of their lifetime. This implies that large-scale batteries are exposed to uncontrolled outdoor conditions such as high humidity and hot and/or cold temperature conditions in a range between À30 and 52 C (FreedomCAR operating temperature range goal). 5 (2) Large-scale applications are intermittently operated during the day. For instance, according to the results of a survey conducted by the AAA Foundation, American drivers, who make two driving trips per day, drive, on average, only 46 min a day.
6 (3) Large-scale LIBs require a higher standard for battery calendar and cycle life, which generally includes a 15 year warranty. 7 In conclusion, in contrast to consumer electronics, large-scale LIBs are operated in a standby mode while being exposed to harsh outdoor conditions. Consequently, to guarantee long-term calendar life and cycle performance, the effect of the storage condition on the battery performance of LIBs should be carefully considered.
If charged LIBs are stored for a long time in standby mode, it can be easily observed that their open-circuit voltage (OCV) decreases gradually, and accordingly, the discharge capacity is reduced. [7] [8] [9] This phenomenon is called self-discharge. Despite the importance of this issue, as discussed above, this phenomenon has not been considered seriously thus far because consumer electronics are designed for daily use. Only a few studies regarding the effect of temperature and state-of-charge (SOC) on LIB selfdischarge during storage have been reported. Worse still, the effect of humidity has rarely been reported. 7, [10] [11] [12] [13] In this study, we investigate the effect of humidity on battery performance, in particular the self-discharge characteristics of LIBs, as a function of the storage period, temperature and the type of cathode materials (LiCoO 2 (LCO) or Li(Ni 1/3 Co 1/3 Mn 1/3 ) O 2 (NCM)). LCO has been widely used in commercialized LIBs, and NCM has been considered as an attractive cathode material for large-scale applications due to its advantages such as high energy density, lower toxicity, high safety performance, and lower cost.
14,15 Power capabilities, OCV changes, and capacity retention abilities of LIBs based on NCM/graphite were investigated aer storage under humid condition (90% relative humidity) for 30 days. Possible aging mechanisms are also suggested and discussed.
Experimental

Preparation of cathodes and anodes
Two types of cathodes were prepared based on Li(Ni 1/3 Co 1/3 Mn 1/3 )-O 2 (NCM, 10 mm, NCM-070, Ecopro, Korea) and LiCoO 2 (LCO, 10 mm, KD-10, Umicore, Korea). NCM and LCO were used as the active materials for NCM and LCO cathodes, respectively. Each electrode was prepared by casting a N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, USA) based slurry consisting of 90 wt% active material, 5 wt% conductive additives (Super-P, Imerys, Switzerland), and 5 wt% polyvinylidene uoride (PVdF, KF-1300, Kreha, Japan, M w ¼ 350 000) binder onto aluminium foil (15 mm, San-A Aluminium, Korea) using a doctor blade. The cast slurry was dried in an oven at 130 C for 1 h and then calendered with a gap-control-type roll-pressing machine (CLP-2025, CIS, Korea). The loading level was 10.3 and 11.0 mg cm À2 and the thickness was 35 and 37 mm for the NCM and LCO cathode, respectively. The graphite anode was prepared by casting a NMP-based slurry consisting of 90 wt% graphite (natural graphite, 15 mm, MPG, Mitsubishi, Japan), 5 wt% Super-P, and 5 wt% PVdF binder onto copper foil (10 mm, Iljin Materials, Korea) using a doctor blade. The cast slurry was dried in an oven at 80 C for 2 h and then calendered with a gapcontrol-type roll-pressing machine. The loading level and the thickness of the graphite anodes were controlled to be 5.1 mg cm À2 and 34 mm, respectively.
Cell preparation
To fabricate full-type unit cells, cathodes, anodes and separators (ND420, Asahikasi, Japan, thickness ¼ 20 mm, porosity ¼ 40%) were cut into 3 cm Â 3 cm, 3.2 cm Â 3.2 cm and 3.5 cm Â 3.5 cm squares, respectively. Separators were sandwiched between cathodes and anodes and the stacked assemblies were inserted into aluminium-laminated lm (DNP 145, DNP, Japan). Three sides of the laminated lm were sealed at 200 C under 4 MPa using a hot sealer. Electrolyte (400 mL, a mixture of 1.15 M LiPF 6 containing ethylene carbonate/ethyl methyl carbonate ¼ 3/7 by v/v, Enchem, Korea, battery grade with water content <3 ppm) were injected and the nal side of the aluminium laminated lm was sealed using a vacuum-hot sealer. Unit cell assembly procedures were conducted in an argon-lled glove box.
Electrochemical measurement
Aer unit cell assembly, the NCM and LCO full cells were aged for 12 h and cycled at C/10 (0.133 for NCM and 0.125 mA cm
À2
for LCO, respectively) at a constant current (CC) mode for charging and a CC mode for discharging in a voltage range between 3.0 and 4.2 V. To stabilize the unit cells, both types of cells were charged at C/5 at a constant current/constant voltage (CC/CV) mode for charging and at a CC mode for discharging for a subsequent three cycles in a voltage range between 3.0 and 4.2 V. Battery operation was conducted at 25 C under 35%
relative humidity (RH). A.C. impedance (VSP, Bio Logic SAS, France) measurements were performed in a frequency range between 1 MHz and 0.05 Hz (10 mV amplitude).
Pulse-power capability measurement
Pulse-power capabilities (charge/discharge) of the unit cells were measured using a hybrid pulse power characterization (HPPC) technique. The test consists of a 10 s discharge pulse (5C), 40 s rest, and a 10 s charge pulse (3.75C). The pulse-power capabilities were estimated as follows: [16] [17] [18] Discharge resistance (
¼ 60 s and where the voltage and current values associated with t 0 and t 2 are taken immediately prior to the start of the pulse.
Storage test at humid condition
Aer unit cell stabilization, the NCM and LCO full cells were fully charged at 4.2 V at 1C in a CC/CV mode. Aer that, the battery tabs of half of the batteries of each type were sealed using polyimide tape (Kapton® tape) and stored under humid conditions (90% RH) at 25 C for 30 days in an incubator (TH-ME 025, JSR, Korea). The other half of the batteries were stored at the same condition without any treatment on the battery tabs as controls. The open circuit voltage (OCV) of the stored NCM and LCO unit cells was evaluated during storage every three days. Aer storage, to evaluate the residual discharge capacity, the NCM and LCO unit cells were discharged at 1C (25 C at 35% RH) at a CC mode. Again, to stabilize the unit cells, they were operated ve times at 1C (a CC/CV mode for charging and a CC mode for discharging) in a voltage range between 3.0 and 4.2 V.
Results and discussion
LIBs have several design formats: prismatic, cylindrical and pouch. Among these, pouch-type LIBs have recently grown in popularity compared to the others because pouch-type LIBs allow greater freedom in designing a battery's shape and dimensions and can help reduce the weight and cost.
19,20
Furthermore, they easily release excess heat to the environment. Aluminium (Al) laminated lm, which consists of several layers laminated together with an adhesive material, are used to form the pouch cases. To investigate the effect of humid air on LIB performances, we assembled pouch-type LIB full cells consisting of NCM/graphite in a glove box. For half of the cells, both battery tabs, aluminium tabs for the NCM cathodes and nickel tabs for the graphite anodes, were sealed using polyimide tape (Kapton® tape). This treatment was intended to prevent direct contact of the humid air with the battery tab surfaces during storage in a humid condition. Throughout this study, for convenience, we denoted the LIBs with Kapton® tape-protected tabs without tab protection as tab-treated LIBs and non-treated LIBs, respectively. Both the tab-treated LIBs and non-treated LIBs were electrochemically operated at exactly the same condition.
The Al-laminated lm is considered to be a moisture barrier, a vapor barrier, and resistant to the electrolyte. To prove this, we stored NCM/graphite pouch-type LIBs under humid conditions (90% RH for 30 days) and water content in electrolyte was determined by coulombic Karl-Fischer titration (Karl-Fischer coulometer, Metrohm 756KF, USA) As shown in Fig. 1 , the electrolyte aer storage showed almost the same level of moisture as the control electrolytes (moisture concentration in the electrolyte before storage ¼ 3.4 ppm, moisture concentration in the electrolyte aer storage ¼ 3.7 ppm). This implies that the Al-laminated lm functions well as a moisture battier during storage. Considering this result, it can be inferred that the monitored electrochemical performance changes of the LIBs stored under humid conditions, which will be discussed below, is not directly related to the moisture penetration in the LIBs.
Pouch-type NCM/graphite LIBs were pre-cycled, and the A.C. resistance were monitored (Fig. 2b) , and tted resistance values are shown Table 1 . The R b is the bulk resistance of the cell; R SEI and Q SEI are resistance and constant phase element (CPE) of the solid-state interface layer formed on the surface of the electrodes; R ct and Q ct are charge-transfer resistance and its relative CPE; Z W is Warburg impedance related to a combination of the diffusional effects of lithium ion on the interface between the active material particles and electrolyte.
21-23 CPE has been used instead of capacitance to offset the depression of the semicircle. The power capabilities (charge power and discharge power) of each cell were monitored ( Fig. 2c and d) . As shown in Fig. 2 and Table 1 , every cell had similar electrochemical properties and interfacial resistances.
Before storage, tab-treated LIBs were prepared by sealing both battery tabs with Kapton® tape. Fully charged tab-treated LIBs and non-treated LIBs were placed in a humid condition (90% RH) and their OCV was monitored as function of time. As shown in Fig. 3 , non-treated LIBs revealed a fast drop in the OCV compared to the tab-treated LIBs (tab-treated LIBs ¼ 4.06 V, non-treated LIBs ¼ 3.98 V aer 30 days of storage).
To determine the effect of the decrease in OCV on battery performance, we evaluated the discharge capacity loss for each battery type. First, the stored fully charged LIBs were fully discharged (1C) to measure their residual discharge capacity. As expected from their higher OCV value, tab-treated LIBs demonstrated higher residual discharge capacity than nontreated LIBs (tab-treated LIBs ¼ 6.43 mA h, 51% of initial discharge capacity; non-treated LIBs ¼ 4.23 mA h, 34.6% of initial discharge capacity). Second, the discharged LIBs were charged and discharged at a 1C rate at the same condition used for pre-cycling shown in Fig. 2a . As shown in Fig. 4a and b, during this subsequent cycling, the discharge capacity increased for both the tab-treated LIBs and non-treated LIBs. Tab-treated LIBs and non-treated LIBs achieved 11.7% (from 6.43 to 7.9 mA h) and 15.9% (from 4.23 to 6.16 mA h) discharge capacity enhancements, respectively. Columbic efficiencies were 101.5 (7.87 and 7.90 mA h for charging and discharging processes, respectively) and 99.9% (6.15 and 7.90 mA h for charging and discharging processes, respectively) for tabtreated LIBs and non-treated LIBs, respectively.
As observed in the discharge capacity increase of the LIBs during the subsequent cycling, discharge capacity loss can be divided into two categories: reversible capacity loss and irreversible capacity loss. 8, 24 The former corresponds to the increased amount of discharge capacity during subsequent cycling. Based on the electron-ion-solvent complex model, intercalated lithium ions in the graphite anodes tend to diffuse to the graphene edges driven by the chemical potential created by adsorbed solvent and anions. 8 Electrons are not fully transferred to the solvent and anions but shared between the graphite and the electrolyte through the lithium ions. The electrons participating in forming the electron-ion-solvent complexes are used during the discharging process (deintercalated from graphite) because the lithium ions of the complex have been di-intercalated and physically dangled at the graphene edge. Consequently, these lithium ions associated with the electron-ion-solvent complex can be reversibly intercalated into graphite during subsequent charging process, and thus, classied as reversible discharge capacity loss. On the other hand, there is no self-discharge mechanism associated with cathode electrode thus far.
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In contrast, lithium ions can easily participate in forming chemical reaction by-products, i.e., solid-electrolyte interphase (SEI), because they are electrochemically active. Lithium-ions, which are chemically and electrochemically reacted with solvent and anion molecules to form SEI, are permanently not able to participate in reversible intercalation and deintercalation processes. Lithium ions associated in these decomposition reactions are classied as irreversible discharge capacity loss. For convenience, we summarize the reversible and irreversible capacity losses of tab-treated LIBs in Fig. 4c . Regardless of the presence of tab protection, irreversible capacity loss comprises a large portion of the total discharge capacity loss (tab-treated LIBs ¼ 11.72 and 37.2% for reversible and irreversible capacity loss, respectively; non-treated LIBs ¼ 15.9 and 49.5% for reversible and irreversible capacity loss, respectively).
Aer storage, non-treated LIBs showed larger interfacial resistances than tab-treated LIBs as shown in Fig. 5a . R b , R SEI , and R ct were summarized in Table 2 . Accordingly, the increased interfacial resistances of non-treated LIBs resulted in poor charging and discharging power capabilities compared to tabtreated LIBs, as shown in Fig. 5b and c. We further investigated the discharge capacity loss of LIBs based on LCO cathodes. Pouch-type LCO/graphite LIBs were assembled and the same storage experiment was conducted that was done on the NCM/graphite LIBs. Surprisingly, regardless of the presence of tab protection, LCO-based LIBs showed a very small discharge capacity loss compared to NCM-based LIBs, and furthermore, the irreversible capacity loss was smaller than the Fig. 4 Comparison of electrochemical performances of LIBs (NCM/ graphite) before and after storage at a humid condition (25 C at 90 RH). (a) Voltage profiles of tab-treated LIBs before storage (initial), the discharge profiles of the first discharge process after storage at a fully charged state (residual), and after the stabilization step (stabilized). (b) Voltage profiles of non-treated LIBs before storage (initial), the discharge profiles of the first discharge process after storage at a fully charged state (residual), and after the stabilization step (stabilized). (c) Normalized reversible and irreversible capacity loss for tab-treated and non-treated LIBs after storage at a fully charged state. reversible capacity loss (tab-treated LCO-LIBs ¼ 8.84 and 5.59% for reversible and irreversible capacity loss, respectively; nontreated LCO-LIBs ¼ 10.79 and 7.25% for reversible and irreversible capacity loss, respectively) as shown in Fig. 6 . Considering that both LCO/graphite and NCM/graphite LIBs utilize graphite as the anode active material, the inferior discharge capacity retention ability of the NCM/graphite LIBs might be attributed to the NCM active materials. It has been suggested that the metal ions dissolved from the NCM into the electrolyte seem to be a primary reason for the severe performance degradation of NCM-based LIBs. 26, 27 In general, dissolved metal ions such as Mn(II), Ni(II), and Co(II) have a higher reduction potential compared to that of a Li ion intercalated into graphite, and this makes the Mn(II), Ni(II), and Co(II) ions reduce on the graphite surface prior to the Li ion. Reduced metals provoke chemical and/or electrochemical reactions that consume lithium ions to from SEI. 28, 29 Considering this explanation, it is reasonable that NCM/graphite LIBs had a higher fraction of irreversible capacity loss than reversible capacity loss.
Regardless of the type of cathode active material, we observed that the tab-treated LIBs showed improved discharge capacity retention than non-treated LIBs. What produces the superior performance of the tab-treated LIBs during storage under humid conditions? The answer is the surface protected battery tabs. Exposure of the battery tabs of tab-treated LIBs to water molecules is successfully prohibited, while those of nontreated LIBs are exposed to water molecules. Water is made up of two hydrogen atoms and an oxygen. Therefore, it is easily affected by an electrical charge. As demonstrated in the schematic drawing in Fig. 7a , electrons cling to intercalated lithium ions between the graphene layers at a charged state. As shown in Fig. 7b , if polar water molecules induce electrons to move to the battery tabs, this will cause lithium ion loss form the graphene edges to the electrolyte. Due to the loss of the electronlithium ion attraction, polar solvent and anions in the electrolyte would drive lithium ions easily into the electrolyte, which would be the origin of reversible capacity loss. For irreversible capacity loss, electrons and lithium-ions should be consumed permanently in chemical and/or electrochemical reactions. The exact origin of increased irreversible capacity loss cannot be clearly elucidated at present because every SEI formation reaction involves complex combination of electrons and lithium ions. 25 Nevertheless, we believe the water molecule induction plays catalytic surface decomposition reactions on the graphite surfaces to form extra SEI as well as the deposited metal ions did on graphite surface. 28 Still, we do not believe there would be a signicant role of water molecule induction on cathode side because there is no self-discharge mechanism associated with cathode electrode thus far. The mechanism of irreversible capacity loss should be further studied in the near future.
Conclusion
By comparing the self-discharge properties of NCM/graphite and LCO/graphite LIBs, we conrmed that exposure of the battery tab to humid conditions during storage greatly affects the self-discharge properties of LIBs. Regardless of the cathode active materials, battery tab protection efficiently improves the discharge capacity retention abilities of LIBs. Battery tab protection was more effective for NCM/graphite, which suffers from metal ion dissolution during storage, resulting in severe SEI formation on the graphite surfaces. We believe that polar water molecules induce electrons that were used to hold the lithium ion between the graphene layers to move from the graphite to the battery tabs. This promotes lithium ion loss from the graphene layers to the electrolyte and it the origin of both the reversible and irreversible capacity loss.
